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	Semi-active control is emerging as an effective method of mitigating structural damage from large environmental loads, with two main benefits over active and passive solutions. First, a large power/energy supply is not required. Second, they provide the broad range of control that a tuned passive system cannot, making them better able to respond to changes in structural behaviour due to non-linearity, damage or degradation over time. Semi-active systems are also strictly dissipative and do not add energy to the system, guaranteeing stability. In this paper, a semi-active resetable device is presented as an improved substitute for pre-stressed, pre-tensioned tendons to dissipate energy in rocking wall structures.  
	Semi-active devices are particularly suitable where the device may not be required to be active for extended periods of time (Bobrow et al., 2000). The potential of semi-active devices and methods to mitigate damage during seismic events is well documented (e.g.  Barroso et al., 2003; Jansen and Dyke, 2000; Yoshida and Dyke, 2004). Recently, one-fifth scale, semi-active resetable devices have been designed and proven in hybrid testing (Mulligan et al, 2005). Instead of altering the damping of the system, resetable devices non-linearly alter the stiffness with the stored energy being released as the working fluid reverts to its initial pressure on resetting. However, resetable devices offer significant promise, but are still in their infancy.










Figure 1: Schematic of semi-active resetable actuators









Assuming small motions, Equation (2) can be linearized.

					      (3)

where A is the piston area. Hence the effective stiffness of the resetable device is defined:
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	The rocking wall system analysed is designed for a large, open structure and is 1.2x8 m. Each rocking wall supports a portion of a lumped roof mass, as shown in Figure 2. The effective seismic mass of the rocking system is 19.93T, at a height of 8m (Abdul Hamid, 2006).
















Figure 2: Schematic of rocking system showing semi-active device with the vertical force at the toe shown and defined as Wr added to the vertical component of the device force Fd.





where I is the mass moment of inertia, is the rotational acceleration about the rotation point, M is the total mass of the system, g is acceleration due to gravity, H is the height to the effective centre of mass, is the rotation about the rotation point, B is the width of the wall, is the force produced in the actuator, F(t) is the applied force due to ground motion excitation.
	Analysis was carried out using absolute Newmark – β with constant average acceleration. A time step of 0.001 seconds was chosen as the error in each time step is small enough that no iteration is required, allowing rapid analysis and easy use in real-time hybrid testing of these semi-active rocking wall systems prior to full scale testing. The device models used in this analysis have been verified using the hybrid testing procedure developed (Mulligan et al, 2005). Hence, the properties of these devices are well known and modeled with validated methods.
	The free vibration response of the rocking system with various initial conditions was examined first. These responses are examined to confirm the model and analysis procedures as the expected results are known. The stiffness values for the semi-active device are chosen empirically to give a range of times for the wall to cease rocking. The stiffness values used are 1000kN/m, 5000kN/m and 10000kN/m, which for a typical rotation of 0.02 rad represent maximum device forces of 12kN, 60kN and 120kN respectively.
	Response of the wall system was examined for the odd half of the medium suite of ground motions scaled for probability of occurrence of 10% in 50 years in the Los Angeles area from the SAC project (Sommerville et al, 1997). This suite is used because it contains a range of near and far field ground motions. Overall, the choice of suite represents a realistic compromise over the range of magnitudes and ground motion types.
	All results are normalized to the uncontrolled case and are presented as peak reduction factors, R.F, equivalent viscous damping, ξ, and area enclosed, A, in the shear capacity, Cc vs curve for the largest peak. The enclosed area, A, is illustrated in Figure 3 and is dependent on the slope. Hence, the device stiffness is the major determining factor along with the resulting maximum peak rotation. The device stiffness slope in Figure 3 is normalized to the uncontrolled case, which has a slope of -1.  Hence, the area is defined:


	if S < 1				(6a)
  		if S > = 1			(6b)














































Figure 4: Free vibration response of rocking system given an initial rotation of 5 degrees.

	The response of the rocking system to the suite of 10 earthquakes shows the ability of the semi-active devices to reduce rocking amplitude and dissipate energy. Reduction factors greater than 1.0 indicate beneficial reductions in the peak rocking angle, helping avoid excessive rocking or tipping. More importantly, it reduces the shear and other structural forces on the rocking wall, while providing additional response dissipation to the wall and the structure in total.

Table 1: Free vibration response of rocking system.










	For the 1000kN/m device 4 of the 10 records show reduction factors less than 1.0, while 3 of these are very near to that value, as shown in Table 2. The exception is the reduction factor for the Northridge (1994) Sylmar record, which has a reduction factor of 0.7166. This result indicates that the addition of the actuator increased the maximum rocking angle. However, this reduction factor does not indicate that the addition of the damper was detrimental to the system, as the reduction factor is based on the maximum peak angle and reductions in subsequent rocking angles were still reduced. In addition, the area enclosed in the Cc vs  curve is 2.1x10-5 in this case, which is close to the geometric mean for the entire suite of 2.54x10-5, and the effective added viscous damping, while low, is positive, indicating additional damping in the system compared to the uncontrolled case.

Table 2: Response of rocking system to seismic ground motions for 1000kN/m device.
Earthquake record	R.F	ξ  (%)	Areax10-5
Imperial Valley (1979)	1.0824	6.2	3.8
Imperial Valley (1979), array 5	1.0056	5.1	1.8
Imperial Valley (1979), array 6	1.1157	6.7	2.5
Landers (1992)	0.9794	4.7	2.4
Landers (1992)	0.9932	4.9	5.7




North Palm Springs (1986)	1.0123	5.2	0.9

	Results for the 5000 kN/m device in Table 3 show 5 of the 10 R.F. values are greater than 1.0 and the geometric mean is greater than the same value for the 1000 kN/m device. Once again the Northridge (1994) Sylmar record resulted in the lowest reduction factor. Finally, the results for the 10000kN/m device in Table 4 show reduction factors all greater than 1.0 except for the Northridge (1994) Sylmar record, which indicates that this record is particularly demanding for this specific wall geometry and mass. Thus, it is important to consider a suite of similar seismic motions rather than a single input when determining the effectiveness of this type of semi-active system. This conclusion is illustrated in the variation seen in the values reported in Tables 2-4.

Table 3: Response of rocking system to seismic ground motions for 5000kN/m device.Earthquake record	R.F	ξ  (%)	Areax10-5
Imperial Valley (1979)	1.2729	9.3	9.6
Imperial Valley (1979), array 5	0.9988	4.9	4.8
Imperial Valley (1979), array 6	2.1836	31.3	2.3
Landers (1992)	0.9996	4.9	0.8
Landers (1992)	0.9997	4.9	19.5




North Palm Springs (1986)	1.0390	5.5	2.9

Table 4: Response of rocking system to seismic ground motions for 10,000kN/m device.
Earthquake record	R.F	ξ  (%)	Areax10-5
Imperial Valley (1979)	1.4590	12.9	7.3
Imperial Valley (1979), array 5	1.0869	6.2	4.1
Imperial Valley (1979), array 6	3.9316	106.2	0.7
Landers (1992)	1.0360	5.5	0.7
Landers (1992)	1.0390	5.5	18.0




North Palm Springs (1986)	1.0761	6.1	2.7

The additional damping, ξ, provided by the 3 semi-active devices are all around or above the 2-5% damping provided naturally by the wall via energy absorption on impact with the foundations. Table 5 summarizes the resulting damping values obtained from the analyses presented. As expected, the 10,000 kN/m device provides the greatest additional geometric mean damping of 7.12% due to the larger energy stored and dissipated by this highest stiffness device. These results indicate that the semi-active devices are providing the dominant form of energy dissipation, rather than impact, because the trend of the results would not otherwise clearly follow the device stiffness values. Figure 5 shows a typical set of responses for the Imperial Valley ground motion for all three devices, as well as the uncontrolled case.	
	The area enclosed by the normalised Cc vs curve is also an indication of the energy absorbed by the semi-active device. The area is a trade off between the additional stiffness provided and the peak rotation that results in the presence of that added stiffness. If the additional stiffness provided is relatively low the absolute slope on the Cc vs curve is less than 1.0, and the resulting area enclosed is small. Conversely, if the stiffness of the device is relatively high, as for the 10000kN/m device, the peak rotation values, , are greatly reduced and consequently, the area enclosed is reduced. As might thus be expected, the 5000kN/m device has the greatest enclosed area for the suite of ground motions, the best tradeoff between high stiffness and reduced amplitudes.

Table 5: Summary of response of rocking system to odd half of earthquake suite
Metric	K=1000 kN/m	K = 5000 kN/m	K= 10000kN/m
R.F geometric mean	1.01	1.14	1.21
R.F multiplicative variance	1.10	1.27	1.43






























Figure 5: Response of rocking system to Imperial Valley, 1979, array 6.

	The standard deviation values for the reduction factors, R.F., effective additional damping and area enclosed are also shown in Table 5. The 10000kN/m device standard deviations are larger than those for the other two devices. This result is due to the ability of the large stiffness device to noticeably change the period of the rocking structure, as seen in Figure 5. Hence, the peak rotation of the rocking system occurs at a distinctly different time to the uncontrolled case, so when the peak value occurs the ground motion may either cause the wall to return quickly to its upright position or make it rock to a greater extent than the uncontrolled case. This significant change in system period leads to a highly variable result using the particular combination of 10000kN/m stiffness and designed rocking system. Similar results would be expected for rocking systems with similar aspect ratios but different overall sizes and comparable device stiffness values.
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